Background
==========

Body composition of biological mothers might influence that of their offspring. For example, maternal obesity was associated with infant body fat \[[@B1]\] and greater subcutaneous adipose tissue in infants \[[@B2]\]. Furthermore, a greater maternal BMI during the first trimester of pregnancy was related to a higher prevalence of obesity in children two to four years of age \[[@B3]\]. It was also reported that a greater maternal BMI was a modest predictor of their daughter\'s relative weight at five years of age \[[@B4]\].

There are several possible factors of infant and childhood obesity not necessarily related to maternal obesity per se. For example, toddlers of obese mothers are more food compliant thus increasing energy intake \[[@B5]\]. Furthermore, there was an association of both maternal overweight and obesity with breast feeding duration \[[@B6]\]. We have reported that infants of obese mothers consume more energy in a shorter period of time and are fed less frequently compared to those born to normal weight mothers \[[@B7]\]. However, large maternal weight loss resulting from obesity surgery prevented the transmission of obesity to children \[[@B8]\].

Indirect whole body calorimeters have been utilized for metabolic studies in adults since the early 1980s \[[@B9]\]. It was reported that a lower metabolic rate predicts body weight gain in adults \[[@B10]\]. One of the first studies in infants to address metabolic changes in relation to future obesity was conducted by Roberts et al in 1988 \[[@B11]\]. These investigators reported that infants who became obese had lower total daily energy expenditure (EE) at three months of age due to a reduction in physical activity. Their study involved measurement of total daily energy expenditure by doubly-labeled water and postprandial metabolic rates by indirect calorimetry. Other studies utilizing similar techniques have reported inconsistent results. Wells et al \[[@B12]\] detected no relationship between total or sleeping energy expenditures and future indices of body fatness after 3.5 years of follow-up, but Stunkard et al \[[@B13]\] found both increased energy intake and total daily energy expenditures to be associated with increased body size at 2-years of age in infants born to obese mothers, though no relationship existed between infant sleeping metabolic rate and maternal obesity. The indirect calorimetry systems utilized in these studies \[[@B11]-[@B13]\] were not appropriate for infant studies due to the lack of a means for parental interaction and the short duration of one or two hours of metabolic measurements. Therefore, we conducted a well controlled metabolic study in infants from lean, overweight and obese biological mothers with a sophisticated indirect whole body calorimeter designed for clinical use in infants which allowed the measurements of all of the components of energy expenditure during one four-hour metabolic testing session \[[@B7],[@B14],[@B15]\].

Methods
=======

Subjects
--------

Biological mothers of 21 healthy infants (3.9 ± 1.9 months) were recruited from two hospital outpatient wellness clinics for this study (mean +/- SD anthropometrics of the group were: body weight 6.6 ± 1.4 kg and length 64.4 ± 6.8 cm). They were grouped according to their biological mothers BMI (kg/m^2^), being \< 25 (lean), between 25--30 (overweight) and \>30 (obese), respectively. The maternal BMI was utilized for this classification due to its high positive correlation with body fat \[[@B16],[@B17]\]. This resulted in seven infants each from lean, overweight and obese mothers, respectively (Table [1](#T1){ref-type="table"}). None of the infants studied was born prematurely or had a low birth weight or intrauterine growth retardation. They were all of appropriate weight for gestational age and born full term. None of the infants were below the 5^th^percentile for weight and length according to the revised NCHS growth charts \[[@B18]\]. All infants were of Hispanic ethnic origin except two in the overweight group whose parents were Caucasian and one each in the overweight and obese groups, respectively, whose parents were Afro-American.

###### 

Anthropometrics of infants grouped according to maternal BMI

                                             7, (4M/3F) Lean   7, (3M/4F) Overweight   7, (4M/3F) Obese
  ------------------------------------------ ----------------- ----------------------- ------------------
  Maternal BMI (kg/m^2^)                     21.8 ± 1.9        27.4 ± 1.2 \*           38.0 ± 6.2‡†
  Age (months)                               4.0 ± 1.5         3.5 ± 2.4               4.2 ± 2.1
  Body weight (kg)                           6.7 ± 1.3         6.1 ± 1.4               7.0 ± 1.5
  Length (cm)                                66.3 ± 5.7        62.9 ± 7.3              63.9 ± 8.0
  Body fat (%)                               23.8 ± 4.1        22.4 ± 5.0              26.8 ± 2.1 ‡
  BMI (kg/m^2^)                              15.1 ± 1.3        15.3 ± 1.4              16.7 ± 1.2 †‡
  Weight for length (percentile)             17.1 ± 18.0       28.6 ± 32.5             53.6 ± 37.4†
  Weight for age (percentile)                55.7 ± 31.1       55.7 ± 33.8             71.4 ± 15.5
  Length for age (percentile)                87.6 ± 10.4       73.6 ± 34.8             67.1 ± 36.7
  Standard deviation score for body weight   0.19 ± 0.90       -0.22 ± 1.00            0.44 ± 1.02

\* = (p \< 0.05) between the lean and over weight groups

† = (p \< 0.05) between the lean and obese groups

‡ = (p \< 0.05) between the over weight and obese groups

Prior to the study the health status of the infant was verified by a standard physical exam \[[@B19]\]. Infants were excluded if they had fever, diarrhea or any illness in the preceding 24-hours prior to the study. Parents were provided with a complete explanation regarding the purpose, procedure, risks and benefits of the study and informed consent was obtained from at least one parent of each infant. The study was approved by both the Institutional Review Boards of Miami Children\'s Hospital and Sansum Diabetes Research Institute/Cottage Hospital of Santa Barbara.

Anthropometry
-------------

Prior to the metabolic study supine length (crown to heel, cm) was measured in duplicate with a horizontal stadiometer (Perspective Enterprises, Kalamazoo, MI) and body weight (kg) was the average of three measurements obtained with an infant scale (Cardinal Detecto, Webb City, MO). Body fat (%) and fat-free mass (kg) was calculated from body weight and length measurements according to formulas developed for infants \[lnFFM = log transformed fat-free mass = 0.433 + (0.056 × (Square root (body weight, kg × length, cm)\] \[[@B20]\]. Percent fat was the difference between the log transformed fat-free mass and body weight. Growth performance in regards to weight-for-length, weight-for-age and length-for-age percentiles were obtained from sex appropriate NCHS growth charts \[[@B18]\]. Standard Deviation Score (SDS) for weight was also calculated according to the formula \[SDS = ((body weight, kg - 6.421)/1.43)\]. All anthropometric and growth data are shown in Table [1](#T1){ref-type="table"}.

Brief description of the Enhanced Metabolic Testing Activity Chamber (EMTAC)
----------------------------------------------------------------------------

A more detailed description of the EMTAC, validation for use in infants and how the components of energy expenditure are determined were described in previous studies \[[@B14],[@B15],[@B21]\]. One of the unique features incorporated into the EMTAC was the hand access ports that were installed around the entire enclosure. This allowed access to the infant under close to natural conditions (skin-skin contact) for normal care without corrupting the environment within the enclosure (Figure [1](#F1){ref-type="fig"}). Another unique feature was the installation into the infant enclosure of a Mettler balance (Model PMK-30, Mettler-Toledo AG, Greifensee, Switzerland). This balance was put under the platform that the infant was placed on and it provided a continuous digital output, which was used for accurate detection and recording of physical activity. The computer software corrected the volume of the EMTAC enclosure to account for the presence of the person\'s arms \[[@B21]\].

![Photo of \"natural\" maternal-to-infant interaction during metabolic measurements.](1475-2891-7-15-1){#F1}

Energy expenditure
------------------

Mothers were given instruction on how to interact with their infants and allowed time to practice using the hand access ports prior to metabolic testing. Once all of the instruction and calibrations were complete each infant was placed in the EMTAC, beginning at 9:00 AM, for four-hours of continuous measurements of energy expenditure (kcal/min), physical activity (oscillations in weight/min/kg body weight) and the respiratory quotient (RQ:VCO~2~/VO~2~). The oscillations in weight used to determine physical activity was derived from the balance that was placed under the infant during the metabolic test. The test was begun before infant feeding in accordance to their usual schedule. Any supplies such as diapers, formula, baby food or toys were placed in the EMTAC in hanging bags before the start of the test. Parents continued to feed their infants at their discretion during the four-hour metabolic test. Eight of the infants were fed Carnation^®^Good Start, five with Enfamil^®^with iron and eight with Similac Advance^®^with iron. Caloric intake by the infants during the four-hour metabolic test was determined by the amount of formula consumed utilizing calibrated bottles and the formula manufacturer proximate analysis for energy. Investigators who were involved with the study acted as observers and recorded all infant activities such as feedings, periods of observed sleep and amount of parental interaction during the entire metabolic testing period as described previously \[[@B14],[@B15],[@B21]\].

Energy expenditure was continuously calculated during metabolic testing according to the method of Jequier \[[@B22]\] and summarized every five minutes as described previously \[[@B15],[@B21],[@B23]\]. At the conclusion of each metabolic test, all metabolic data were corrected for parental interaction \[[@B21]\]. The percentage of time infants were observed to be asleep was calculated by dividing total minutes of observed sleep by 240 (minutes in 4-hours). The result was multiplied by 100. Sleeping metabolic rate (SMR; kcal/day) was than computed by taking the mean energy expended (kcal/min) across all periods of observed infant sleep and multiplying the result by 1440 (minutes in 24 hours). The calculations for SMR are similar to the methodology used for adults \[[@B9]\] and validated for infants as reported in previous studies \[[@B14],[@B21]\].

Statistical analysis
--------------------

The sample size was determined in advance \[[@B24]\], based on data obtained by utilizing short-term metabolic measurements in the EMTAC in previous studies \[[@B14],[@B15],[@B21],[@B23]\]. The number of subjects studied was sufficient to detect differences, with a probability of 5%, in 24-hour extrapolated energy expenditure between the three groups of infants. With a standard deviation of 44.7 kcal/day, a difference greater than 33 kcal/day in 24-hour extrapolated energy expenditure or sleeping metabolic rates between any of the three groups was considered significant \[[@B24]\].

After extrapolation to 24-hours, metabolic data were adjusted for differences in age and body composition by regression analysis utilizing the anthropometric data of the 21 infants in this study. Extrapolated 24-hour energy expenditure (kcal/day) and sleeping metabolic rate (kcal/day) were the dependant variables in each of their own equations while fat-free mass (kg), percent body fat (%) and age (months) were the independent variables. Both equations and related statistical parameters are shown in Table [2](#T2){ref-type="table"}. Thereafter, the residuals for 24-h extrapolated energy expenditure and sleeping metabolic rates were calculated by taking the differences between the raw and calculated values. Finally, adjusted values were calculated by adding the residual for each metabolic value to the respective group mean \[[@B9],[@B10]\].

###### 

Derived equations that were utilized to adjust infant metabolic data for body size and composition

  Equations                                                                                                    R^2^   SE     P
  ------------------------------------------------------------------------------------------------------------ ------ ------ ---------
  24-h Energy expenditure = \[-340.2 + (157.9 × Kg FFM\*) + (23.4 × AGE\* in months) + (-1.7 × % body fat)\]   0.90   62.8   \<0.001
  Sleeping metabolic rate = \[-192.2 + (74.7 × Kg FFM\*) + (20.1 × AGE\* in months) + (6.1 × % body fat\*)\]   0.93   34.1   \<0.001

\* = Coefficient a significant predictor (p \< 0.05)

All anthropometric and adjusted metabolic data were analyzed utilizing one-way ANOVA (SPSS, version 13). Due to the number of infants in each group, differences between the lean, overweight and obese groups were determined by the Bonferroni Post Hoc test procedure (p \< 0.05). All data were expressed as mean ± standard deviation unless otherwise noted.

Results
=======

Anthropometrics
---------------

There were no significant differences in regards to age, length and body weight among the three groups of infants when classified according to their biological mothers BMI (Table [1](#T1){ref-type="table"}). However the BMI of infants of obese mothers was greater (p \< 0.05) as compared with both their overweight and lean counterparts. The body fat percentage in the infants of obese mothers was also greater in comparison to those in the overweight (p \< 0.06) and lean groups (Table [1](#T1){ref-type="table"}). The weight-for-length percentile differences were more than double (p \< 0.05) between the lean and obese infants. Moreover, there was a positive correlation between the maternal BMI (r = 0.53; p \< 0.01) and that of their infants (Figure [2](#F2){ref-type="fig"}). Even though not significant, there was a trend for a progressive increase in the standard deviation score for body weight between those infants in the lean (0.19) and those in the obese (0.43) groups (Table [1](#T1){ref-type="table"}).
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Energy Metabolism
-----------------

There was a strong positive correlation (r = 0.94; p \< 0.01) between fat-free mass and 24-hour extrapolated energy expenditure (Figure [3](#F3){ref-type="fig"}). A similar positive relationships with fat-free mass was found for sleeping metabolic rate (r = 0.93; p \< 0.01). Fat-free mass and age were significant coefficients (p \< 0.05) in the regression equation utilized to adjust 24-h energy expenditure while all three coefficients (fat-free mass, fat mass and age) were significant predictors in the regression equation for adjustment of sleeping metabolic rate (Table [2](#T2){ref-type="table"}).

![Relationship between unadjusted extrapolated 24-h energy expenditure and fat-free mass.](1475-2891-7-15-3){#F3}

The extrapolated 24-hour EE (p \< 0.05) was lower in both groups of infants from overweight and obese mothers in comparison to their lean counterparts (Table [3](#T3){ref-type="table"}). There were no differences in sleeping metabolic rate adjusted for fat-free mass, fat mass and age among the three groups of infants (Table [3](#T3){ref-type="table"}). Moreover, nutrient utilization was not different in regards to increasing maternal BMI (Table [3](#T3){ref-type="table"}). There were also no significant differences in energy intake among the three groups of infants during the course of the four-hour metabolic measurement, though infants of obese mothers appeared to consume more energy. Moreover, infants of obese mothers slept less (p \< 0.05) than those from the overweight group (Table [3](#T3){ref-type="table"}). Finally, no differences were found in physical activity among the three groups of infants (Table [3](#T3){ref-type="table"}).

###### 

Energy metabolism, physical activity and the amount of time asleep during the metabolic test in infants grouped according to maternal BMI

                                               Lean           Overweight       Obese
  -------------------------------------------- -------------- ---------------- ---------------
  Number of infants                            7              7                7
                                                                               
  Energy intake during 4-hour study (kcal)     127.2 ± 91.4   136.6 ± 71.2     220.4 ± 127.2
  24-hour energy expenditure (kcal/day)^1^     532.4 ± 30.7   471.8 ± 39.5\*   472.1 ± 76†
  Sleeping metabolic rate (kcal/day)^1^        407.5 ± 24.7   407.5 ± 37.2     402.9 ± 35.8
  Sleeping time during metabolic test (%)      39.3 ± 21.6    50.0 ± 20.9      21.4 ± 11.1‡
  Respiratory quotient (VCO~2~/VO~2~)          0.86 ± 0.04    0.84 ± 0.05      0.85 ± 0.08
  Physical activity (Oscillations/min/kg BW)   4.3 ± 1.7      6.8 ± 7.8        7.6 ± 2.4

^1^Extrapolated to 24-hours and corrected for differences in body composition and age

\* = (p \< 0.05) between the lean and over weight groups

† = (p \< 0.05) between the lean and obese groups

‡ = (p \< 0.05) between the over weight and obese groups

Discussion
==========

In this study we demonstrated that infants born to overweight and obese biological mothers exhibited lower extrapolated 24-h EE than those of lean mothers. In other studies parental obesity was associated with a lower resting metabolic rate in children \[[@B25]\], though others did not find any decline in the resting metabolic rate in already obese adolescents \[[@B26]\]. We also found that 3--6 month old infants born to obese mothers had a greater percentage of body fat along with greater weight-for-length and weight-for-age percentiles. Moreover, the BMI of the infants was related to that of their mothers. We utilized maternal BMI for classifying the infants since it is a well established criterion for determining obesity in adults \[[@B16]\] and is highly correlated with body fat in both children and adults \[[@B27]\].

The Infants in the obese group spent the least amount of time asleep during the metabolic test. This might be due to them spending more time feeding as evidenced by the greater amount of energy consumed. Furthermore, the metabolic test was conducted between the hours of 9:00 AM and 1:00 PM where sleeping and feeding habits might differ in comparison to that during evening or night periods. Moreover, the lack of differences in the respiratory quotient and the amount of physical activity among the three groups of infants suggest that other metabolic or physiologic components might account for the reduction of extrapolated 24-h energy expenditure. In a previous 24-hour metabolic study, infants born to obese mothers slept more, consumed a greater portion of their energy intake as carbohydrate and tended to have a greater respiratory quotient than their lean counterparts \[[@B14]\]. It is possible that over a 24-hour period, greater sleeping time and more carbohydrates being oxidized to lipids might be contributing to a lower overall metabolic rate. Moreover, it is possible the greater carbohydrate intake might reduce the thermic effect of food thus also contributing to a reduced metabolic rate \[[@B28]\]. However, it is very difficult to measure this parameter accurately in infants. It is possible that the shorter duration of this study might have masked these contributions to a lower metabolic rate.

It is possible that the lower extrapolated 24-h EE found in infants of obese mothers might be an underlying contributing factor to the relationships between childhood and adult BMI\'s found in previous studies \[[@B3],[@B4],[@B27]\]. Moreover, two additional reports described that if children were in the upper percentiles (85--95^th^) for BMI, there was a probability of greater than 80% that they would be obese at age 35 \[[@B27],[@B29]\]. Finally, the association between infantile and maternal BMI was found in a large cohort study where over 52,306 infants were followed up after birth \[[@B30]\]. The recent studies of Kral et al \[[@B8]\] regarding the prevalence of obesity of children from mothers who underwent weight reduction through bariatric surgery suggest an abrogation of the expression of genetic factors in offsprings in post severely obese mothers and that external factors may be more significant in determining weight gain of their children.

In our previous study \[[@B7]\] where maternal obesity and infant feeding interactions were recorded during 24-hour metabolic measurements in the EMTAC, infants born to obese mothers were shown to consume more energy in a shorter period of time than their leaner counterparts. Obese biological mothers also spent less time interacting with their babies than their normal weight counterparts. The 24-hour measurements of food intake are evidently more accurate and reliable indicator of total energy intake than the four-hour measurement performed in this experiment, though the infants of obese mothers appeared to ingest more energy and were spending more time awake even in a brief period of observation.

We have found in a previous study, utilizing infants from similar ethnic backgrounds, that at least four-hours are necessary to obtain an accurate measurement of infant metabolic rate \[[@B14]\]. Due to employment obligations and other commitments, the parents of the infants in our study were unable to stay for a longer period of measurement, hence we utilized the minimum time of four-hours that provided valid results \[[@B14]\]. To date we have studied over 150 infants with various clinical conditions in the EMTAC \[[@B14],[@B15],[@B21],[@B23],[@B31]\]. All of the mothers reported feeling comfortable with utilizing the hand access ports when caring and feeding their infants. This probably reduced, or eliminated, the separation anxiety and/or discomfort of the infants that was associated with previous measurements of metabolic rate \[[@B11],[@B32],[@B33]\].

In regards to energy metabolism, extrapolated 24-h EE and sleeping metabolic rates were both highly positively correlated with fat-free mass. This has been shown in many previous studies in adults \[[@B9],[@B10]\] and infants \[[@B14],[@B15],[@B21]\]. This is suggestive that fat-free mass is the main metabolic component of the body. However, none of these relationships had an intercept equal to zero; therefore, this necessitated the adjustment of the energy expenditure data for differences in body composition and age utilizing regression analysis, a mathematical methodology that has been validated in adults \[[@B9],[@B10]\] and in infants \[[@B21]\]. Moreover, body weight alone cannot be used to adjust 24-h EE because the relationship between the two parameters does not pass through zero. This is due to different proportions of metabolically active muscle mass in relation to the assumed non-metabolically inactive fat-mass in same sized individuals, thus causing errors in the adjustment of 24-h EE \[[@B9],[@B10]\].

Actual feeding practices and the relationship to obesity have been studied for decades. In a recent review of 3600 publications in the area of infant feeding and related cardiovascular risk factors \[[@B34]\], it was found that breast feeding, especially for a longer duration, was found to be protective against future obesity. The infant feeding method and obesity in the Avon longitudinal study of parents and children showed that there was a protective association with attenuation of fat-free mass when breast feeding was prolonged for over six months \[[@B35]\] while maternal feeding restriction was an important factor determining the effects of breast feeding on future overweight \[[@B36]\]. Other studies \[[@B37],[@B38]\] found that obese mothers of a low social class were more likely to formula feed thus leading to obesity in their offspring. In our study, all infants were formula fed, and the resulting increase in body fatness seems to coincide with the results of previous studies \[[@B33],[@B37],[@B38]\].

Most of our study population was from Hispanic origin. This is in contrast to the mainly Caucasian subjects in some of the previous studies of the relationship between metabolic rate and obesity \[[@B25]-[@B27]\]. It has been reported in another previous study that resting metabolic rate is lower in Afro-American boys when compared to their Caucasian counterparts. Moreover, Afro-American girls had lower total daily and activity energy expenditures than Caucasians of similar age and sex \[[@B39]\]. It is possible that infants from certain ethnic backgrounds begin to show metabolic characteristics that might predispose them to future childhood obesity right from the time of birth.

The onset of obesity can occur in any infant, regardless of ethnic background, that has a lower than average metabolic rate. Knowing which factors play a role in determining which infant is prone to excess body weight gain may allow early lifestyle interventions in order to prevent the future onset of childhood obesity. Future studies with a larger number of infants from Caucasian, and other ethnic groups, need to be conducted in order to determine which infants show metabolic changes that might predispose them to future childhood obesity. Finally, our results indicate that lifestyle interventions should begin right from the time of birth in those individuals predisposed to future obesity.

Conclusion
==========

We utilized a single comprehensive method to assess daily energy expenditure in 3--6 month old infants and found that infants born to overweight and obese mothers had lower 24-hour energy expenditure, increased BMI and increased body fat when compared to infants born to normal weight mothers.
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